Acute myeloid leukemia (AML) is hypothesized to be sustained by self-renewing leukemia stem cells (LSCs). Recently, gene expression signatures (GES) from functionally defined AML LSC populations were reported, and expression of a 'core enriched' (CE) GES, representing 44 genes activated in LCSs, conferred shorter survival in cytogenetically normal (CN) AML. The prognostic impact of the CE GES in the context of other molecular markers, including gene mutations and microRNA (miR) expression alterations, is unknown and its clinical utility is unclear. We studied associations of the CE GES with known molecular prognosticators, miR expression profiles, and outcomes in 364 well-characterized CN-AML patients. A high CE score (CE high ) associated with FLT3-internal tandem duplication, WT1 and RUNX1 mutations, wild-type CEBPA and TET2, and high ERG, BAALC and miR-155 expression. CE high patients had a lower complete remission (CR) rate (P ¼ 0.003) and shorter disease-free (DFS, Po0.001) and overall survival (OS, Po0.001) than CE low patients. These associations persisted in multivariable analyses adjusting for other prognosticators (CR, P ¼ 0.02; DFS, Po0.001; and OS, Po0.001). CE high status was accompanied by a characteristic miR expression signature. Fifteen miRs were upregulated in both younger and older CE high patients, including miRs relevant for stem cell function. Our results support the clinical relevance of LSCs and improve risk stratification in AML.
INTRODUCTION
According to the cancer stem cell hypothesis, acute myeloid leukemia (AML) is organized hierarchically with the bulk of AML blasts originating from a distinct population of leukemia-initiating cells or leukemic stem cells (LSCs). 1 LSCs are defined by their unique capacity for unlimited self-renewal, and can be identified through their ability to cause long-term engraftment in immunodeficient mice. 2 Such xenotransplantation assays suggest that only a small fraction (B1 in 10 4 -10 6 cells) of the leukemic cell population have LSC properties. 3 Studies on the clinical relevance of LSCs in human AML are hindered by the fact that there are no surface markers that reliably discriminate LSCs from non-LSC leukemic blasts. Instead, LSCs seem to be phenotypically heterogeneous and are enriched in, but not restricted to, certain defined cell populations such as the CD34 þ CD38 À subset. 4 Recently, Eppert et al. 5 sorted primary human AML specimens into several fractions based on CD34 and CD38 surface antigen expression, and defined the frequency of LSCs in each cell fraction using a sensitive xenograft assay. By comparing gene expression profiles between cell populations containing such functionally defined LSCs and populations lacking detectable stem cell activity, they then derived an LSC-related gene expression signature (GES) comprising 42 genes. A comparison of this LSC GES with a signature derived from normal hematopoietic stem cells then led to a 'core enriched' (CE) hematopoietic stem cell-LSC signature, consisting of 44 stem cell-associated genes highly expressed in LSCs. 5 Patients with cytogenetically normal (CN) AML and CE signature gene expression above the median had worse survival than patients with low expression of these genes. However, it remained unknown whether expression of the CE signature associates with, and is potentially driven by, other molecular prognosticators including gene mutations and deregulated expression of microRNAs (miRs). The aim of our study was to clarify whether this LSC-like GES mainly is a surrogate of other, already known molecular alterations, or whether it provides additional prognostic information even when these other risk markers are taken into consideration. Therefore, we studied associations of the CE GES with known clinical and molecular prognosticators, miR-expression signatures, and outcomes in a comprehensively characterized cohort of CN-AML patients, and evaluated the prognostic relevance of the CE signature in the context of other recently described molecular markers. 1 The Ohio State University Comprehensive Cancer Center, Columbus, OH, USA;
MATERIALS AND METHODS Patients
We studied 364 patients with primary CN-AML, including 164 younger patients aged 18-59 years and 200 older patients aged 60-83 years, who were enrolled on Cancer and Leukemia Group B (CALGB)/Alliance for Clinical Trials in Oncology (Alliance) protocols 20202, 8461 and 9665. The patients received cytarabine/daunorubicin-based first-line therapy on CALGB/Alliance trials (see Supplementary Information for details on treatment protocols). Per protocol, no patient received allogeneic stem cell transplantation in first complete remission (CR). Study protocols were in accordance with the Declaration of Helsinki and approved by the Institutional Review Boards at each center, and all patients provided written informed consent.
Genetic analyses
Cytogenetic analyses were performed in CALGB/Alliance-approved institutional laboratories and confirmed by central karyotype review, and the diagnosis of normal cytogenetics was based on X20 analyzed metaphase cells in bone marrow specimens. 6 Patients were characterized for FLT3-internal tandem duplications (FLT3-ITD) Gene and miR expression profiling and calculation of the CE gene expression score Gene and miR expression profiling was performed on pretreatment marrow or blood samples using Affymetrix HG-U133 plus 2.0 and OSU-CCC custom microarrays, respectively (see Supplementary Information for details on microarray analyses). The CE stem cell GES was derived as described by Eppert et al. 5 Briefly, summary measures of gene expression were computed for each probe-set using the robust multichip average method, which incorporates quantile normalization of arrays. The CE score was then calculated as the sum of the normalized expression values of the 44 probe sets included in the CE signature. As in the study by Eppert et al., 
Statistical analyses
Baseline characteristics were compared between CE high and CE low patients using Fisher's exact test for categorical variables and the Wilcoxon ranksum test for continuous variables. Definitions of clinical endpoints (that is, CR, disease-free survival (DFS) and overall survival (OS)) are provided in the Supplement. For time-to-event analyses, we calculated survival estimates using the Kaplan-Meier method, and compared groups by the log-rank test. We constructed multivariable logistic regression models to analyze factors associated with the achievement of CR, and multivariable Cox proportional hazards models for factors associated with survival endpoints (see Supplementary Information). All analyses were performed by the Alliance for Clinical Trials in Oncology Statistics and Data Center, and the date of data lock was 11 October 2011.
RESULTS
Clinical and molecular characteristics associated with the CE stem cell gene expression score in CN-AML We studied the associations between the CE score and clinical and molecular patient characteristics in our cohort of 364 primary CN-AML patients ( Table 1) . The proportion of patients with a high CE score (indicating a stem cell-like gene expression profile) was similar among younger and older patients (P ¼ 0.92). Compared with CE low patients, CE high patients had higher peripheral blood (66 vs 54%; P ¼ 0.01) and bone marrow blast percentages (70 vs 63%; P ¼ 0.008), were more likely to carry FLT3-ITD (53 vs 19%; Po0.001), mutated WT1 (11 vs 4%; P ¼ 0.009) and RUNX1 On the other hand, CE high patients were less likely to have extramedullary involvement (21 vs 34%; P ¼ 0.01), mutations in TET2 (18 vs 30%; P ¼ 0.01) or CEBPA (8 vs 22%; Po0.001) than CE low patients. Of note, no patient in the CE high group had a double CEBPA mutation, whereas double CEBPA mutations occurred in 17% of CE low patients (Po001). Single CEBPA mutations were equally common in both groups. As FLT3-ITD mutations were more frequent and CEBPA mutations less frequent in CE high patients, whereas there was no significant difference with respect to frequency of NPM1 mutations, CE high patients were less likely to belong to the European LeukemiaNet (ELN) Favorable Genetic Group (which comprises patients with mutated CEBPA and/or mutated NPM1 without FLT3-ITD) than CE low patients (27 vs 70%; Po0.001).
22 Figure 1 illustrates the associations of the dichotomized CE gene expression score with individual gene mutations and the ELN Genetic Groups in CN-AML.
CE gene expression score and survival of CN-AML patients In our entire cohort of 364 CN-AML patients, a high CE score associated with significantly lower odds of achieving a CR (P ¼ 0.003; Table 2 ). Because of the baseline associations of a high CE score with established unfavorable molecular prognostic markers (that is, FLT3-ITD, mutated WT1 and RUNX1; wild-type CEBPA; and high ERG, BAALC and miR-155 expression), we constructed multivariable models evaluating these and other potentially confounding risk factors, including age group (Table 3; see Supplementary Information for a complete list of variables considered in the analyses). In a multivariable model for the achievement of CR, CE high status remained associated with 47% lower odds of attaining a CR (P ¼ 0.02). Other variables associated with lower odds of achieving CR were age X60 years, higher white blood count, absence of NPM1 mutations and high BAALC expression. Among patients who reached CR, those with high CE expression had significantly shorter DFS than CE low patients (Po0.001; Figure 2a , Table 2 ). In a multivariable model for DFS, CE high patients had a 2.2-fold higher risk of relapse or death than CE low patients (Table 3 ; Po0.001). Other variables associated with shorter DFS were age X60 years, higher white blood count, WT1, ASXL1 and DNMT3A codon R882 mutations and high miR-155 expression. Likewise, CE high patients had shorter OS than CE low patients (Po0.001; Figure 2b ). In a multivariable model for OS, CE high patients had a 1.9-fold increased risk of death compared with CE low patients (Table 3) . Other factors associated with shorter OS were age X60 years, higher white blood count, WT1, ASXL1 and DNMT3A codon R882 mutationss and high BAALC and miR-155 expression.
As patients below the age of 60 received more intensive treatment than patients aged 60 years and above, we also studied the outcomes in these age groups separately (Table 2 ). In the younger age group, CE high patients showed a trend toward a lower CR rate (P ¼ 0. Fav. Int.-I ELN P < 0.001 P = 0.009 P = 0.01 P = 0.01 P < 0.001 P < 0.001 % with high CE score wt mut CEBPA Figure 1 . Association between CE stem cell gene expression scores and prognostic gene mutations in CN-AML. The CE score summarizes the expression of the 'CE' set of LSC-related genes as defined by Eppert et al. 5 The bar diagram shows the percentage of patients who have a high CE score, according to FLT3-ITD, WT1, RUNX1, TET2 and CEBPA mutational status and ELN Genetic Group. Only mutations showing a significant association with CE scores were included. Figure 2c ) and OS (Po0.001; Supplementary Figure 2d ). Older patients with a high CE score had particularly unfavorable outcomes, with a 3-year survival rate of only 11%, compared with 28% in CE low older patients.
Prognostic value of the CE stem cell gene expression score in the context of the current ELN genetic classification of CN-AML In 2010, an International expert panel working on behalf of the ELN proposed a standardized system for reporting cytogenetic and selected molecular abnormalities in AML. 22 Although the initial goal of the ELN classification was to facilitate comparisons between studies, the prognostic utility of the ELN Genetic Groups has been convincingly demonstrated. 23, 24 Within the ELN classification, CN-AML patients are assigned to the ELN Favorable Genetic Group or the ELN Intermediate-I Genetic Group. Figure 3 shows (Figure 3) . When the ELN Genetic Groups, rather than individual molecular markers, were considered in multivariable analyses, a high CE score was not associated with CR rate but remained significantly associated with shorter DFS and OS (Supplementary Table 1 ). Thus, a single variable reflecting expression of a stem cell-like gene expression profile can refine the molecular risk stratification within both Genetic Groups of CN-AML patients defined by the ELN classification. miR expression profiles associated with the CE gene expression score miRs are important players involved in hematopoietic stem cell function, and deregulated expression of miRs has been shown to be clinically relevant in AML. 25, 26 Therefore, we studied whether a more stem cell-like gene expression profile, indicated by a higher CE score, is accompanied by a characteristic miR expression signature. In these analyses, we identified a core set of 15 miRs that were consistently deregulated in patients with a high CE score in both age groups (o60 and X60 years; see Supplementary Information for details). All 15 miRs showed higher expression in CE high than in CE low patients (Figure 4 ), indicating that they are overexpressed in CN-AML with a more stem cell-like gene expression profile. Table 4 summarizes the available data on the role of these miRs in normal hematopoiesis and AML. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] Overexpressed miRs in patients with a high CE score include miRs known to be highly expressed and functionally relevant in embryonic (miR-20a) 37 or hematopoietic stem cells (miR-99, 27 miR-125a/b, 27,36 miR-126 27 and miR-155 33 ). For some miRs in our signature, there are functional studies showing that their overexpression causes leukemia in model systems (miR92a, 40 miR-125b 29 ), or leads to increased survival and/or proliferation of normal or malignant myeloid cells (miR-125a/b, 28 miR-126 39 ). Furthermore, several of the CE stem cell signatureassociated miRs are known to be upregulated in CN-AML with prognostically unfavorable gene mutations (for example, FLT3-ITD or IDH2 codon R172 mutations) 15, 30, 41 and/or downregulated in patients with favorable genetic changes (for example, mutated NPM1 or translocation t(8;21)). 8, 30, 39 Our data illustrate that CN-AML blasts with a stem cell-like gene expression pattern also show other characteristics, such as expression of a characteristic set of miRs, known to be typical of stem cells. These findings suggest that in CE high patients, the majority of leukemia cells have an overall cellular phenotype that more closely resembles LCSs compared with CE low patients.
DISCUSSION
Recently, LSC-associated GESs have been reported in AML.
5,42
Eppert et al. 5 used functionally defined stem cell-enriched populations to define a LSC GES, and showed that high expression of these genes was associated with inferior OS and event-free survival in CN-AML. They also demonstrated that their approach was superior to using a purely phenotypic definition (that is, CD34 þ /CD38 À immunophenotype) to identify LSCs.
These results, albeit intriguing, remained to be fully validated in independent patient cohorts. In order to assess the potential clinical utility of the stem cell-associated GES, it needs to be evaluated in the context of a comprehensive panel of other molecular prognosticators. Thus, our aim was to analyze the impact of the stem cell-associated 'CE' GES in a relatively large cohort of primary CN-AML patients that have been well characterized for molecular aberrations, including recently described gene mutations, deregulated expression of individual genes and miR expression profiles, that were not included in the original report by Eppert et al.
5
In the largest patient cohort that has been studied for the prognostic relevance of stem cell-associated GESs, we demonstrate that high expression of the CE signature associates with inferior patient outcomes. Eppert et al. 5 showed that high expression of their stem cell GESs associated with inferior OS and event-free survival, but they did not report on other clinically relevant endpoints, including response to induction therapy (that is, CR) and DFS. Our study not only confirms their findings, but for the first time demonstrates that CN-AML patients with a high CE score (indicating a robust stem cell-like GES) have a lower chance of disease eradication than patients with a low CE score, as supported by a lower CR rate and shorter DFS. Our study also is the first to demonstrate the independent prognostic relevance of a stem cell GES in multivariable models considering a comprehensive set of known prognostic molecular markers, beyond the FLT3, NPM1 and CEBPA mutations analyzed by Eppert et al. 5 We show that patients with a high CE score had a lower CR rate and shorter DFS and OS after adjusting for known clinical and molecular prognosticators. Furthermore, we show that the stem cell GES provides additional, clinically relevant prognostic information even in the context of the current ELN Genetic Classification of AML. A high CE score was associated with inferior DFS and OS both among low-risk (ELN Favorable) and high-risk (ELN Intermediate-I) CN-AML patients, thereby a b suggesting that the stem cell GES may be useful to improve current prognostic cytogenetic-and molecular-based AML classifications. 23 Of note, our study was limited to previously untreated, primary CN-AML, and the prognostic importance of the signature remains to be validated in other cytogenetic subgroups and for patients with secondary or relapsed disease.
So far, it has also remained unknown whether expression of a stem cell-like gene expression profile is linked to other known molecular alterations in AML. Our data show that, although the CE score is an independent prognosticator, patients with a high CE score are more likely to be positive for multiple unfavorable prognostic markers in primary CN-AML (FLT3-ITD, RUNX1 and WT1 mutations and high BAALC, ERG and miR-155 expression). Moreover, patients harboring favorable prognostic markers (that is, double CEBPA mutations) had low CE scores. These data may indicate a biologic interplay between these relatively frequent prognostic molecular markers and the 'stemness' features of AML blasts. Given that molecular markers are not only prognostic indicators, but also frequently represent suitable therapeutic targets, it is possible that the success of novel molecular therapeutic approaches may be determined and evaluated by their ability to modify the patients' CE score. Should this be the case, the CE score could represent a useful surrogate endpoint for early activity evaluation of novel therapies in CN-AML.
It should be also recognized that, although our results suggest that the prognostic significance of the CE score may be partially related to already known molecular alterations, it is very likely that some additional, as yet unknown, genetic and/or epigenetic alterations functionally contribute to the negative clinical impact of a stem cell-like GES. To this end, miRs are emerging as important contributors to myeloid leukemogenesis. 43, 44 Deregulated expression can cause miRs to act as tumor suppressors or oncogenes, and the expression levels of several miRs have been shown to carry prognostic information in CN-AML. 25, 26, 43 The relationship between the stem cell-like GES and miR expression has not yet been reported. We found that the expression of a stem cell-like GES is accompanied by a characteristic miR signature. In younger and older CN-AML patients, we identified a core set of 15 miRs that were consistently overexpressed in CE high patients. Several of these miRs, including miR-92a, miR-125a/b, miR-126 and miR-146a, have been functionally implicated in normal stem cell or LSC biology before, thus supporting a potential role of noncoding RNAs in maintaining the LSC compartment-like phenotype in a subset of CN-AML patients. Others (for example, miR-155) have been shown to independently impact on the prognosis of CN-AML patients. 21 These findings suggest that a complex network of aberrantly expressed genes and miRs and gene mutations collectively define a stem cell-like phenotype associated with clinically aggressive disease. It is also possible that targeting miRs 45 may directly have an impact on the self-renewal ability of AML blast subpopulations enriched for LSCs.
In summary, we validated that high expression of a stem cell-associated GES has negative prognostic impact in primary CN-AML. Although we showed that a high CE signature associates with known unfavorable molecular alterations in CN-AML, it provides additional prognostic information not reflected by these markers. Our results suggest that the discovery of additional genetic and epigenetic mechanisms may be necessary to fully explain the functional role of the LSC signature genes during leukemogenesis. In support of this hypothesis, we have shown that the stem cell-associated GES associates with a characteristic miR expression profile comprising miRs known to be involved in conferring 'stemness' to normal and malignant blasts. Future studies of newly discovered gene mutations and aberrantly expressed genes and miRs occurring in LSCs may not only improve patients' molecular risk stratification but also potentially reveal novel therapeutic targets.
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The authors declare no conflict of interest. Table 4 . List of miRs associated with a high 'core enriched' stem cell gene expression score in younger and in older CN-AML patients miR name
Known functional role in hematopoiesis and leukemia hsa-miR-146b-5p -hsa-miR-125b
Highly expressed in murine hematopoietic stem cells 27 and in CN-AML with IDH2 codon R172 mutation; 15 enhances proliferation and disturbs differentiation of myeloid progenitors; 28 and overexpression causes acute leukemia in mice 29 hsa-miR-133a Downregulated in AML with t(8;21) 30 and upregulated in CN-AML with IDH2 codon R172 mutation. 15 hsa-miR-146a Lost in myelodysplastic syndrome with del(5)(q31) 31 overexpression in hematopoietic stem cells causes transient myeloid cell expansion; 32 and associated with downregulation of immune-response pathway genes 33, 34 hsa-miR-130a Highly expressed in murine hematopoietic stem cells; 27 involved in cell cycle regulation in granulocytic progenitors; 35 associated with high expression of zinc finger transcription factors including WT1; 33 and downregulated in NPM1-mutated CN-AML 8 
hsa-miR-99b
Part of the miR-99b/let-7e/miR-125a cluster and highly expressed in hematopoietic stem cells 27 hsa-miR-125a-5p Highly expressed in hematopoietic stem cells, 27 and in CN-AML with IDH2 codon R172 mutation; 15 Abbreviations: miR, microRNA; CN-AML, cytogenetically normal acute myeloid leukemia; ITD, internal tandem duplication. Two different microarray versions were used for younger (o60 years) and older (X60 years) patients. A total of 535 miR probes were common to both platforms. Separate miR signatures were generated for each age group, and the 15 miRs listed above represent the overlap between those two signatures. The degree of overlap between the signatures in younger and older patients was statistically highly significant (P ¼ 1.1 Â 10 À 13 by Fisher's exact test).
